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ABSTRACT 
 
Conservation  of  biodiversity  in  urban  vegetation  fragments  is  of  increasingly  high 
importance  with  growing  urbanisation  globally,  particularly  so  in  the  biodiversity 
hotspot of the Mediterranean southwest of Western Australia. Relationships between 
fragmentation (connectivity, fragment size, time since isolation) and urban disturbances 
(weed  invasion,  human  disturbance,  rubbish)  relative  to  the  soil  seed  bank  of  a 
representative sample of Perth’s urban woodland fragments (N=36) were examined. In 
total, 182 seedling types comprising 57 invasive, 105 native and 20 unknowns were 
identified.  Approximately  65%  of  the  21,770  seedlings  counted  were  native,  33% 
invasive and 2% unidentified. The average soil seed bank seedling density was 2,787 
germinates per m
2. Community analysis (ordination) showed that the soil seed bank 
composition  correlated  with  fragment  age.  Subsequent  quantitative  analysis  (linear 
regression) did not find evidence for species or functional trait groups being vulnerable 
to decline due to isolation or fragment age, indicating that species  extinction is not 
evident within Perth’s urban fragments.  More invasive annual herbs were found within 
older fragments and the soil seed banks of smaller fragments were found to have lower 
native species abundance compared to larger fragments. A positive relationship was 
found between the number of footpaths within a fragment and the abundance of annual 
invasive herbs within the soil seed bank. High weed cover in a fragment resulted in high 
weed presence within the soil seed bank. It was also found that high weed cover did not 
necessarily indicate low native species diversity or abundance within the soil seed bank, 
suggesting caution in using weed cover to classify sites as suitable/unsuitable for topsoil 
transfer in restoration activities. The soil seed bank of the study sites contained a diverse 
range  of  native  species,  indicating  that  topsoil  from  these  areas  may  be  useful  in 
restoration of degraded sites.  iv | P a g e  
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1. INTRODUCTION 
Urban vegetation fragments contain important biodiversity values as the last areas of 
remaining biodiversity, ecosystem function and habitat for threatened species within 
cities  (Hahs  et  al.  2009,  Dearborn  and  Kark  2010).  They  are  also  important  for 
human  well-being,  with  studies  showing  emotional  well-being  improving  with 
exposure to natural areas and perceived biodiversity (Fuller et al. 2007, Dearborn 
and  Kark  2010).  Urban  vegetation  also  provides  ecosystem  services  such  as 
improved air quality and urban hydrology (i.e. stormwater) within cities (Dearborn 
and Kark 2010). With nearly half of the world’s population living in urban areas 
(United  Nations  2004)  the  importance  of  remnant  vegetation  has  increased  over 
recent times. Given the value of urban vegetation, it is important to gain a greater 
understanding  of  the  impacts  of  the  urban  setting  (e.g.  increased  weed  invasion, 
fragmentation) to ensure long-term conservation of these areas. 
 
Many of the fastest growing urban regions of the world are located in Mediterranean 
climate  zones  where  plant  richness  is  exceptionally  high  (Cowling  et  al.  1996). 
Mediterranean  vegetation  (typically  woodlands  or  shrublands)  is  characterized  by 
plant adaptations to frequent fire, many plant species being obligate seeders (Keeley 
and Fortheringham 2000) with dormant soil-stored seed banks requiring heat and/or 
smoke to trigger germination (Bell et al. 1993, Dixon et al. 1995, Roche et al. 1998, 
Keeley and Fortheringham 2000). Soil seed banks are the reservoirs of viable seeds 
present  within  topsoil  beneath  vegetation  and  consist  of  transient  and  persistent 
components (Thompson and Grime 1979). The transient component consists of seeds 
lacking dormancy mechanisms, germinating in a range of conditions. The persistent 
component  comprise  of  dormant  seeds  accumulating  as  annual  seed  crops  are 2 | P a g e  
 
produced (Thompson and Grime 1979). Urbanization in Mediterranean areas has led 
to fragmentation of vegetation, which can lead to altered soil seed bank composition, 
resulting in a decline in community resilience to future disturbances.  
 
Vegetation fragments are subject to a range of threats resulting from urbanisation.  
Key  threats  of  fragmentation  are  isolation  of  plant  populations  and  reduction  in 
available space (Saunders et al. 1991, Fahrig 2003). The decline and extinction of 
many  native  plant  and  animal  species  have  been  attributed  to  the  loss  and 
fragmentation of native vegetation (Hahs et al. 2009, Duncan et al. 2011). The theory 
of island biogeography suggests increasing isolation and decreasing fragment size 
will lead to decline in species richness (MacArthur and Wilson 1967, Bastin and 
Thomas 1999). This is associated with reduction of available habitat, reduction in 
different  habitat  types,  influence  of  edge  effects  and  reduction  of  connectivity 
between populations (Honnay et al. 1999).  
 
The level of connectivity between urban vegetation fragments may influence soil 
seed bank composition by limiting population processes within standing vegetation 
(i.e.  pollination  and  dispersal)  and  preventing  colonization  after  local  extinction 
(Soule et al. 1992, Lindborg and Eriksson 2004). Vranckx et al. (2011) conducted a 
meta-analysis  of  98  studies  that  looked  at  relationships  between  population  size, 
habitat  connectivity  and  genetic  diversity  of  woody  plant  species.  This  study 
identified  that  isolation  of  woodland  areas  limited  exchange  of  pollen  between 
populations  by  wind  and  animals,  resulting  in  limited  gene  flow  (Vranckx  et  al. 
2011). The reduction of genetic flow between populations can result in genetic drift 
and inbreeding (Young et al. 1996). For many species, these genetic changes can 
lead to poor seed set, smaller seeds, slower germination and poor seedling survival 3 | P a g e  
 
(Buza et al. 2000, Tomimatsu & Ohara 2003).  This phenomenon can  reduce the 
genetic variation of species within urban fragments and their soil seed banks and 
reduces the ability of a species to adapt to changing pressures cause by urbanisation. 
 
Urban  vegetation  fragments  may  not  be  at  a  stable  state  with  current  levels  of 
fragmentation,  isolation  and  habitat  loss  due  to  a  delay  in  response  to  isolation 
known as ‘extinction debt’ (Tilman et al. 1994, Kuussaari et al. 2009). Relaxation 
time, from the theory of island biogeography, is an earlier term that has been used to 
describe this delay of expected extinctions after habitat loss (MacArthur and Wilson 
1967, Kuussaari et al. 2009) and there appears to be no clear difference between 
these  two  concepts.  Extinction  debt  is  thought  to  be  common,  and  perhaps 
ubiquitous,  in  remnant  vegetation  fragments  due  to  the  effects  of  isolation  and 
fragmentation. Research into soil seed banks of fragments of varying sizes and levels 
of connectivity could provide an insight into the occurrence of extinction debt.  
 
An effective approach for analysing plant species responses to fragmentation and to 
investigate extinction debt is through the use of plant functional groups (Cornelissen 
et al. 2003, Lavorel et al. 1997). Many plant species might be expected to respond to 
the  impacts  of  fragmentation  in  the  same  way  based  on  shared  attributes.  A 
functional group is a group of species that have similar life-history traits that are 
thought to respond in the same way to environmental conditions (Lavorel et al. 1997, 
Cornelissen et al. 2003). Using functional groups in urban ecology can provide a 
better understanding of the mechanisms behind the species composition of vegetation 
fragments  (Adriaens  et  al.  2006).  Plant  functional  groups  are  a  useful  tool  in 
understanding how we may improve the management of urban fragments without 
having specific knowledge about every individual plant species.  4 | P a g e  
 
 
Urbanisation  not  only  causes  the  fragmentation  of  woodland  but  also  introduces 
disturbances  such  as  altered  fire  frequency,  human  impacts  such  as  trampling, 
rubbish dumping and the development of informal pathways, and also changes to 
plant-animal interactions, nutrient enrichment, and the introduction and spread of 
weeds and pests (Hobbs 1993, Murcia 1995, Stenhouse 2004). These factors could 
lead to altered soil seed banks within urban vegetation fragments. Urban fragments 
typically have altered fire frequency, being subject to fires through arson and high 
fuel loads through weed invasion (Environmental Protection Authority 2007). On the 
other hand, fire can be absent from urban fragments within built up areas due to 
isolation from natural patterns of fire spread. This can influence the composition of 
species and the soil seed bank. Altered fire regimes could contribute to extinction 
debt through gradual deterioration of species diversity and change in composition 
over time.  Plant species that have been lost from fragments through altered fire 
regimes will find it difficult to recolonise due to a lack of connectivity between urban 
fragments.  If  altered  fire  regimes  continue,  then,  over  time,  a  decline  in  native 
species richness in standing vegetation and the soil seed bank may occur.  
 
Another key consequence of fragmentation is susceptibility of urban vegetation to 
weed invasions and edge effects (Hobbs 1993, Lindborg and Errkison 2004). Edge 
effects are particularly pronounced in small fragments due to their high edge to core 
ratio (Stenhouse 2004). There is a higher availability of soil moisture and light near 
fragment edges which promotes favourable conditions for weed invasion (Saunders 
et  al.  1991,  Murcia  1995).  Weed  invasion  can  alter  community  composition  and 
structure  (Holmes  and  Cowling  1997)  by  interrupting  ecosystem  processes  and 
competing for nutrients, water and space with native plant species (Holmes 2002). 5 | P a g e  
 
Invaded plant communities generally have high abundance of weed species in their 
soil seed banks (Holmes and Cowling 1997, Holmes 2002). Soil seed banks can also 
contain  a  high  proportion  of  weed  species  that  do  not  appear  in  the  standing 
vegetation  (King  and  Buckney  2001,  Cochrane  et  al.  2007,  Fisher  et  al.  2009). 
Cochrane et al. (2007) found that exotic ephemeral species, absent from the extant 
vegetation,  occurred  in  high  density  within  the  soil  seed  bank  of  a  woodland 
fragment  in  the  Wheat-belt  of  Western  Australia.  Weed  seeds  are  often  readily 
dispersed from neighbouring areas (like pasture or urban gardens) and their dormant 
seeds accumulate in the topsoil even though they are not present within the standing 
vegetation.  Disturbances  have  the  potential  to  trigger  the  germination  of  weed 
species  from  soil  seed  banks  promoting  increased  weed  presence  within  urban 
vegetation fragments. Many weed species also produce large numbers of seeds after 
disturbance  (Baird  1977)  and  germinate  faster  than  native  species,  quickly 
dominating a community (Fisher et al. 2009).  
 
The  study  of  soil  seed  banks  provide  an  opportunity  to  develop  effective 
management strategies within vegetation fragments that can diminish the weed store 
and enhance the native soil seed bank (Fisher et al. 2009). Previous studies into the 
impacts of fragmentation have mainly focused at the landscape level and on fauna 
communities that occur within urban fragments (e.g. Clements 1983, Soule et al. 
1992, Helm et al. 2006). Only a limited number of studies have examined impacts of 
urbanisation  on  soil  seed  banks  (Kostel-Hughes  and  Young  1998,  Honney  et  al. 
1999, Duncan et al. 2011). Future study will help to identify if the soil seed bank of 
degraded urban fragments contain a source of species to facilitate restoration of their 
biodiversity values. Additionally, when united with knowledge about the ecology of 
a community, study of soil seed banks can indicate potential changes in community 6 | P a g e  
 
composition,  which  is  important  in  improving  conservation  management  and 
understanding impacts of urban disturbances on ecosystem processes (Fisher et al. 
2009).  
 
To  ensure  effective  management  of  urban  fragments,  it  is  vital  that  impacts  of 
urbanisation on soil seed banks are understood. It is also important to identify types 
of species that are most vulnerable to decline in soil seed banks to ensure effective 
conservation management. In this study, we examined differences in soil seed banks 
of urban Banksia woodland fragments in Perth, Western Australia. The fragments 
selected  were  subject  to  a  range  of  different  levels  of  urbanization  to  allow 
investigation of the following questions: 
1. What is the species composition and diversity of the soil seed banks of Perth’s 
Banksia woodland fragments? 
2.  Is  soil  seed  bank  species  richness  and  composition  related  to  the  following 
fragment  characteristics:  time  since  isolation  (yrs.),  area  (hectares),  time  since 
current  area  (shape  and  size)(  i.e.  some  fragments  have  decreased  in  size  as 
urbanization has proceeded), geology, connectivity (meters to nearest fragment), 
elevation (m), amount of disturbance in fragment (including categorical measures 
of;  amount  of  digging,  number  of  footpaths,  weed  cover,  amount  of  rubbish 
dumped),  east/west  position  of  fragment  and  north/south  position  of  fragment 
(reflecting potential composite gradients of urbanization factors)?  
3.  If  so,  what  types  of  native  species  and  functional  types  are  most  affected?7 | P a g e  
 
2. METHODS 
This chapter provides background information on the study location and reasoning 
behind the selection of study sites. It also describes the field, greenhouse and data 
analysis methods used to obtain the results of this study.  
 
PERTH REGION 
This study was located in the southern metropolitan area of Perth, Western Australia 
within  a  Mediterranean  Banksia  woodland  community  occurring  throughout  the 
Swan  Coastal  Plain  (Beard  1989).  Banksia  woodland  is  dominated  by  Banksia 
attenuata,  Banksia  menziesii  and  Banksia  grandis  with  occurrence  of  Eucalyptus 
marginata  (Jarrah),  Allocasuarina  fraseriana  (Sheoak)  and  Corymbia  calophylla 
(Marri) over a diverse understorey of native shrubs, sedges and herbs.  The Swan 
Coastal  Plain  is  located  in  the  Dry  Mediterranean  Bioclimatic  Zone  of  Western 
Australia  (Beard  1989),  and  characterised  by  cool,  moist  winters  and  warm,  dry 
summers. The soils associated with Banksia woodland are highly leached, nutrient 
poor, acidic Bassendean sands and the younger more nutrient-rich Spearwood sands 
(Government of Western Australia 2000).   
 
Perth is Australia’s fourth largest city with a population of 1.74 million (Australian 
Bureau of Statistics 2011). Since the 1970’s, Perth’s urban area has doubled resulting 
in the clearance of large tracts of vegetation and fragmentation of many woodland 
areas  (Environmental  Protection  Authority  2007).  Between  1998  and  2004,  850 
hectares of native vegetation per year were cleared within the Perth metropolitan 
region  (Environmental  Protection  Authority  2007).  It  is  expected  that clearing  of 
many areas of native vegetation designated for urban development will occur in the 8 | P a g e  
 
coming  years  to  accommodate  the  rapid  growth  of  Perth’s  outer  suburbs 
(Environmental Protection Authority 2007). Banksia woodland has been extensively 
cleared since the arrival of European settlers for agricultural, industrial and urban 
development, with approximately 55% of Banksia woodlands on the Swan Coastal 
Plain cleared by 1986 (Hopper and Burbridge 1989). Only 7% of the original extent 
now occurs in conservation estate (Lamont et al. 2007).  
 
Perth’s Banksia woodlands provide many biodiversity, social and aesthetic values, 
and  are  especially  important  as  habitat  for  numerous  threatened  fauna  species 
including the endangered Carnaby's Cockatoo (Calyptorhynchus latirostris) (Shah 
2006).  The  Perth  Swan  Coastal  Plain  subregion  (bounded  by  Jurien  Bay, 
Dunsborough  and  the  Darling  Scarp)  (Environmental  Protection  Authority  2007) 
contains 42% of the known threatened ecological communities in Western Australia, 
due to the clearing and fragmentation of native vegetation (Environmental Protection 
Authority  2007).  Thus,  urbanisation  is  a  current  and  ongoing  threat  to  woodland 
biodiversity in the Perth metropolitan area. 
 
STUDY SITES  
Soil  seed  bank  samples  were  collected  from  36  Banksia  woodland  fragments  in 
Perth’s southern suburbs along a gradient of extensively isolated fragments occurring 
close to the city to newly isolated fragments occurring in the outer southern suburbs 
(Figure 1). These same sites were used by Arnaudet (2011) for a previous study 
which investigated the composition of the standing vegetation in relation to fragment 
characteristics.  The  sampling  strategy  sought  to  include  fragments  from  a  broad 
range of sizes and number of years since isolation and current shape to examine the 
effects of fragment size and age (Arnaudet 2011). The selected Banksia woodland 
fragments also ranged in levels of connectivity, weed cover, disturbance, rubbish, 9 | P a g e  
 
number of footpaths, geology, elevation and position in the landscape. The current 
study compared these fragment characteristics collected by Arnaudet (2011) with the 
soil seed bank data that was collected in this study.  Weed cover was estimated using 
a  modified  Braun-Blanquet  cover-abundance  score  (Parkes  et  al.  2003).  
Footpaths/tracks, levels of rubbish and digging by small mammals such as the native 
quenda  (Isoodon  obesulus)  or  invasive  rabbit  were  estimated  using  a  score  of  0 
(absent), 1 (present) or 2 (strongly present) depending on the level of the disturbance.  
 
FIELD PROCEDURE 
Dependent on fragment size, one to five circular 100m
2 plots (5.65m radius) were 
established within each of the 36 Banksia woodland fragments using GPS locations 
from the Arnaudet (2011) vegetation plots. Number of plots varied with fragment 
size with a maximum of five plots located in large fragments (>10 hectares).  Soil 
seed bank samples (20cm by 20cm to 5cm depth) were taken randomly from five 
points in each plot, mixed together and placed in labelled brown paper bags.  A total 
of 122 soil samples were collected. 10 | P a g e  
 
 
Figure 1: Location of woodland fragments study sites (n = 36) in the southern suburbs of 
Perth, Western Australia and their corresponding geology (Arnaudet 2011). 
 
GREENHOUSE PROCEDURE 
To determine the composition of soil seed bank samples, total number of germinates 
were estimated through greenhouse trials. A known amount (1.850kg) from each soil 
sample was placed into aluminium trays to a depth of 2cm. A wet heat treatment was 11 | P a g e  
 
applied by pouring boiling water to the top of the trays, providing a heat treatment of 
~80°C, which has been found suitable for germination of hard-seeded species such as 
Acacia and members of the Fabaceae (Enright and Kintrup 2001).  Soil seed bank 
samples were spread over a vermiculite and sand medium (70:30 ratio) within plastic 
germination  trays  (28cm  by  30cm)  and  placed  in  the  greenhouse.  To  encourage 
germination  of  smoke-stimulated  species,  each  sample  was  then  treated  with  an 
aqueous smoke solution (Smokemaster, Regen 2000) at the recommended rate (a 
1:10 smoke water to water solution) (Enright and Kintrup 2001). After 24 hours, the 
trays  were  watered  to  rinse  out  the  smoke solution.  Trays  were  watered  for  five 
minutes once a day using the automatic greenhouse sprinkler system. Each tray was 
randomly  repositioned  twice  every  month  to  ensure  equal  exposure  to  any 
environmental gradients within the greenhouse (e.g. in light or in watering efficiency 
of  the  automatic  system).  Seedlings  were  counted  weekly  at  first,  and  then 
fortnightly for 12 weeks (June to August) using a system of colour coded toothpicks 
to identify species. Once identified, seedlings were removed from the trays to reduce 
counting effort. Seedlings that could not be identified to species level at 12 weeks 
were re-potted for later identification and at least identified to genus or family level 
where possible.  
 
DATA ANALYSIS 
All  data  collected  were  recorded  in  a  Microsoft  Access  database  and  a  series  of 
analyses  were  undertaken  on  the  results.  Multivariate  techniques  were  used  to 
identify correlations in soil seed bank species data. To identify plant trait and soil 
seed bank species response to fragment characteristics (i.e. weed cover, disturbance 
level, level of connectivity, size and time since isolation), multivariate techniques 
and univariate correlation was used. 12 | P a g e  
 
 
SOIL SEED BANK DATA 
Non-metric Multidimensional Scaling (NMDS) community ordination using relative 
Sørensen  (Bray-Curtis)  distance  and  then  Multi  Response  Permutation  Procedure 
(MRPP) was performed to assess differences in overall soil seed bank composition 
with  each  of  the  fragment  characteristics.  NMDS  is  an  iterative  multi-variate 
ordination  technique  based  on  ranked  distances  among  sample  units  (McCune  & 
Grace 2002). It is best suited for data that are on a continuous scale, and are not 
normally distributed. A further advantage of this technique is that it is not sensitive to 
cells with zeros (i.e. absence of species in a soil seed bank sample) (McCune & 
Grace 2002). MRPP is a non-parametric procedure for testing the hypothesis of no 
difference between pre-defined groups relative to random, and the A-statistic from 
MRPP provides a useful estimate of effect size (McCune & Grace 2002). Ordinations 
were applied using PC-ORD 6.04 (McCune & Mefford 2006) as set out in McCune 
and Grace (2002).  
 
Ordinations  were  carried  out  as  samples  in  species  space.  Each  value  within  the 
species by sample matrix represented the abundance of a species within a soil seed 
bank sample. Soil seed bank samples form a single cloud of points where proximity 
reflects compositional similarity between the species composition found in samples. 
Rare species occurring at less than two samples and outlier samples were removed 
prior to carrying out ordinations to reduce distortion in the data (McCune and Grace 
2002).  Fragment  characteristics  were  overlayed  with  the  species  by  sample 
ordination,  with  Pearson  correlations  of  R
2  >0.10  with  at  least  one  axis.  The  R
2 
represents the proportion of variance in the original distance matrix represented by 
the arrangement of points in the ordination space (McCune and Grace 2002). This 13 | P a g e  
 
was done to evaluate which woodland fragment characteristic correlated with soil 
seed bank species composition. 
 
PLANT FUNCTIONAL TRAIT DATA 
Plant functional groups were used to assess which types of species best persisted in 
the  soil  seed  bank  and  if  this  was  related  to  vegetation  fragment  characteristics. 
Functional traits used were modified from the list provided by Cornelissen et al. 
(2003)  and  included  longevity,  life-form,  and  whether  the  species  was  native  or 
invasive. These data were supplemented from several sources (FloraBase 1998) and 
field observations (N. Enright, P. Ladd unpublished data). 
 
Non-metric Multidimensional Scaling (NMDS) community ordination using relative 
Sørensen  (Bray-Curtis)  distance  and  then  Multi  Response  Permutation  Procedure 
(MRPP) was also performed to investigate the functional trait response to fragment 
characteristics.  Rare  functional  trait  attributes  were  removed  to  minimise 
misrepresentation in the data prior to ordination and the species-count in each plot 
was multiplied by the species-functional trait matrix. In the subsequent matrix, each 
cell  represented  the  abundance  of  a  particular  trait  in  soil  seed  bank  samples. 
Fragment characteristics were overlayed with the species by sample ordination, with 
Pearson correlations of R
2 >0.10 with at least one axis.  
 
LINEAR REGRESSION 
To investigate the relationship between soil seed bank species and functional trait 
composition  with  fragment  characteristics,  linear  regression  was  performed. 
Fragment  characteristics  was  represented  by  the  following  variables:  time  since 
isolation (yrs.), time since shape (yrs.), area (hectares), geology, connectivity (meters 14 | P a g e  
 
to  nearest  fragment),  elevation  (m),  amount  of  digging  in  fragment,  number  of 
footpaths in fragment, weed cover (%), amount of disturbance in fragment, amount 
of rubbish in fragment, east/west position of fragment and north/south position of 
fragment.  To  meet  the  assumptions  for  performing  linear  regression  analysis, 
connectivity (distance to nearest fragment in meters) and area (hectares) of the study 
sites were log transformed to ensure a normal distribution of these data. The top five 
most abundant plant species occurring within the soil seed bank samples and their 
correlation  with  fragment  characteristics  were  also  investigated  using  linear 
regression.  
3. RESULTS 
In total, 122 soil seed bank samples from 36 woodland fragments were obtained 
(Figure 1). The woodland fragments surveyed ranged in time since isolation from 21 
to 61 years and from 0.44 to 82.4 hectares in size.  The combined soil seed bank 
included  in  total,  182  seedling  types  comprising  57  invasive  species,  105  native 
species  and  20  unidentified  seedling  types  (<2%  of  individuals).  Approximately, 
65%  of  the  21,770  seedlings  counted  were  native,  33%  were  invasive  and  2% 
unidentified. The average soil seed bank seedling density was 2,787 germinates per 
m
2 and average species richness was 17 per m
2. The most common native species 
occurring in the soil seed bank samples were Isolepis marginata (native annual herb) 
(19%  of  total  germinates),  Wahlenbergia  sp.  (native  annual  herb)  (4%  of  total 
germinates),  and  the  most  common  invasive  species  were  Hypochaeris  glabra 
(invasive  annual  herb)  (8%  of  total  germinates)  and  Romulea  rosea  (invasive 
perennial herb) (6% of total germinates).  
 15 | P a g e  
 
To examine the species richness and abundance of the soil seed bank samples, the 
percentage for each functional group was calculated (Table 1). Up to 75.6% of the 
total abundance (germinates per m
2) of the samples consisted of annual herbs and 
grasses with the majority of the remainder (24.12%) consisting of perennial herbs, 
grasses, shrubs and succulents. A small percentage of the total abundance (0.28%) 
consisted of trees and climbers and this was the same for species richness (2.2%) 
(Table 1). Annual herbs and grasses also made up the majority (53.8%) of the species 
richness within the combined soil seed bank. An interesting results was that perennial 
shrubs made up to 15% of the species richness but only 1% if the total abundance 
(Table 1).  Also, perennial herbs made up 18% of species richness but only half 
(7.2%) of the total abundance. Altogether, natives were found to make up almost 
twice the number of species (i.e. richness) and number of seedlings (i.e. abundance) 
in the seed bank compared to invasives (Fig. 2 and Fig. 3).  Invasive annual herbs 
were the most diverse in the soil seed bank while perennial shrubs,  followed by 
perennial herbs, were the most diverse of the native species types (Fig. 3).  
 
Table 1: Percentage (%) of species richness (species per m
2) and abundance (germinants per 
m
2) of functional trait groups occurring within the soil seed bank of urban Banksia woodland 
fragments, Perth Western Australia. Unidentified seedling types are not included.  
   Native  Invasive  Total 
   Richness  Abundance  Richness  Abundance  Richness  Abundance 
Shrubs  15.00  1.00  0.00  0.00  15.00  1.00 
Trees  1.00  0.01  0.10  0.10  1.10  0.11 
Perennial Herbs  18.00  7.20  0.00  0.00  18.00  7.20 
Annual Herbs  14.80  30.20  28.00  19.60  42.80  49.80 
Climbers  1.00  0.07  0.10  0.10  1.10  0.17 
Succulents  5.00  8.82  1.00  0.40  6.00  9.22 
Annual Grasses  5.00  16.90  6.00  8.90  11.00  25.80 
Perennial Grasses  5.00  1.80  0.001  4.90  5.00  6.70 
Total  64.80  66.00  35.20  34.00  100.00  100.00 
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Figure 2: Functional trait abundance (germinants per m
2) of the soil seed bank of urban 
Banksia  woodland  fragments,  Perth  Western  Australia.  Sh=  Shrubs,  Tr=  Trees,  PH= 
Perennial herbs, AH= Annual herbs, Cl= Climbers, Su= Succulents, PG= Perennial grasses, 
AG= Annual grasses. Unidentified seedling types are not included. 
 
 
Figure 3: Functional trait composition (number of species) of the soil seed bank of urban 
Banksia  woodland  fragments,  Perth  Western  Australia.  Sh=  Shrubs,  Tr=  Trees,  PH= 
Perennial herbs, AH= Annual herbs, Cl= Climbers, Su= Succulents, PG= Perennial grasses, 
AG= Annual grasses. Unidentified seedling types are not included 17 | P a g e  
 
NMDS AND MRPP FOR SOIL SEED BANK 
To  examine  the  pattern  in  soil  seed  bank  species  composition  among  different 
fragment characteristics, NMDS ordination was performed. NMDS ordination using 
soil  seed  bank  species  composition  produced  a  3-dimensional  solution  with  final 
stress = 20.4, instability < 0.001 and total R
2 = 0.70 (Fig. 4). The R
2 represents the 
estimated proportion of variance in the original distance matrix represented by the 
arrangement of points in the Euclidean ordination space (McCune and Grace 2002). 
There was a mix of both native and invasive species that were significantly (P<0.05) 
correlated (R
2>0.12) with the axes in the ordination including, Cerastium balearium 
(invasive  annual  herb),  Crassula  colorata  (native  annual  succulent),  Centrolepis 
glabra (native annual herb), Romulea rosea (invasive perennial herb),  Lolium sp. 
(invasive annual herb), and Euphorbia peplus (invasive annual herb) (Fig. 4).  
 
The vegetation fragment characteristics which were significantly (P< 0.05) correlated 
(R
2 >.10) with the NMDS ordination were the East/West position of samples, time 
since isolation (Age), the number of footpaths occurring within the fragment, the 
species abundance (germinants per m
2) of the soil seed bank and the species richness 
of the soil seed bank (R
2= 0.10) within each plot (Fig. 5). 
 
To  assess  differences  in  overall  soil  seed  bank  composition  among  fragment 
characteristics, MRPP was performed. The results of the MRPP indicated that soil 
seed  bank  composition  significantly  (P<0.05)  differed  between  fragment 
characteristic  groups.  However,  the  effect  size  (A-statistic)  for  all  characteristics 
were  less  than  0.10  indicating  that  caution  is  required  when  interpreting  if  the 
differences of soil seed bank composition between fragment characteristic groups is 
biologically  meaningful.  The  small  effect  size  (A-statistic)  of  all  characteristic 18 | P a g e  
 
groups indicates that there was little difference between the soil seed bank species 
composition of the different woodland fragment characteristic groups (Table 2). 
 
 
 
 
Figure 4: Ordination of soil seed bank samples (n = 122) in species space using non-metric 
multidimensional  scaling  (NMDS).  Each  panel  represents  a  different  pair  of  axes in the 
ordination  with  (a)  Axis  1  and  2,  (b)  Axis  3  and  1  and  (c)  Axis  3  and  2.  Vector  are 
significant correlations for species (R
2 ≥ 0.12) and vector codes are loliumSP= Lolium sp.; 
centglab= Centrolepis glabra, euphpepl= Euphorbia peplus, isolmarg= Isolepis marginata, 
romurose= Romulea rosea, crasscolo= Crassula colorata, cerabele= Cerastium balearium 
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Figure 5: Ordination of soil seed bank samples (n = 122) in species space using nonmetric 
multidimensional scaling (NMDS). Each panel represents a different pair of axes with (a) 
between Axis 1 and 2, (b) between Axis 3 and 1 and (c) between Axis 3 and 2. Vectors are 
significant (R
2>0.10) correlations of fragment characteristics and vector codes are: utmE= 
position East/West; Foot= number of foot paths in fragment; Age= times since isolation; 
Abund= soil seed bank species abundance per m
2; Rich= soil seed bank species richness. 
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Table  2:  MRPP  results  between  soil  seed  bank  species  composition  and  fragment 
characteristics of urban Banksia woodland fragments, Perth Western Australia. 
A= chance-corrected within group 
agreement statistic 
Fragment 
Characteristic 
   
 
Groups 
  Soil Seed Bank 
Species Abundance 
P-value   
Time Since 
Isolation (years) 
0.03  <0.001  10-20yrs=1; 20-30yrs= 2; 30-40yrs=3; 
40-50yrs=4; 50-60yrs=5; 60-70yrs=6 
Time Since Shape 
(years) 
0.03  <0.001   10-20yrs=1; 20-30yrs= 2; 30-40yrs=3; 
>40yrs=4 
Area (ha)  0.04  <0.001  0-1ha=1; 1-5ha=2; 5-10ha=3, 10-30ha=4; 
>30ha=5 
Geology  0.01  0.266  1= Spearwood; 2= Bassendean 
Connectivity (m)  0.01  <0.001  Linear distance to nearest fragment 
<50m=1; 50-150m=2, 150-300m=3; 
>300m=4 
Elevation (m)  0.01  <0.001  <20m=1; 320-30m=2; 30-40m=3; 
>40m=4 
Digging  0.02  <0.001  Score of 0, 1, 2 depending on intensity of 
animal digging (native and invasive) 
within plot. 
Footpaths  0.01  <0.001  0, 1 or 2 depending on number of 
footpaths within 10m of plot. 
Weed cover (%)  0.02  0.029  Braun-blanquet cover-abundance 
score1=1-5%, 2=6-25, 3=26-50, 4=51-75, 
5=76-100%) 
Disturbance  0.02  <0.001  Score ranging from 1 to 7 depending on 
level of human disturbance within 
fragment. 
Rubbish  0.01  0.086  Score of 0, 1, 2 depending on intensity of 
rubbish within plot. 
UtmE  0.01  <0.001   Eastings 
UtmN  0.03  <0.001   Northings 
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NMDS AND MRPP FOR FUNCTIONAL TRAITS 
To examine patterns in plant functional trait composition among difference fragment 
characteristics,  NMDS  ordination  was  performed.  NMDS  ordination  using 
composition  of  traits  produced  a  2-dimensional  solution  with  final  stress=  13.28, 
instability <0.001 and total R
2= 0.93 (Fig. 6). No fragment characteristic correlated 
with the axes in the ordination (all R
2 <0.05). However, several functional traits 
correlated  (R
2>  0.15)  with  the  ordination,  including  long  basal  growth  form 
(R
2=0.28),  annual  trait  (R
2=0.28),  invasive  trait  (R
2=0.23)  and  herb  growth  form 
(R
2=0.16) (Fig. 6a).  
 
Several species in the soil seed bank correlated with these functional groups with 
corresponding vectors. Lolium sp. (invasive annual herb) (R
2=0.13) correlated with 
the  invasive  trait  on  Axis  1,  Centrolepis  glabra  (native  annual  herb)  (R
2=0.11) 
correlated with the annual and herb traits on Axis 1 of the ordination and Romulea 
rosea (invasive perennial herb) (R
2=0.14) correlated with the long basal growth form 
on Axis 2 of the ordination (Fig. 6b). To assess differences in overall functional trait 
composition  among  fragment  characteristics,  MRPP  was  performed.  The  MRPP 
results  indicated  that  soil  seed  bank  functional  trait  composition  significantly 
(P<0.05) differed between fragment characteristic groups. However, the effect size 
(A-statistic)  for  all  characteristics  were  less  than  0.10  indicating  that  caution  is 
required  when  interpreting  if  the  differences  of  soil  seed  bank  functional  trait 
composition between fragment characteristic groups is biologically meaningful. The 
small effect size (A-statistic) of all characteristic groups indicates little difference 
between the soil seed bank functional trait composition of the different woodland 
fragment characteristic groups (Table 3).  22 | P a g e  
 
 
 
 
 
 
 
Figure 6: Ordination of soil seed bank samples (n = 122) in functional trait space using 
nonmetric  multidimensional  scaling  (NMDS).  Panel  (a)  is  showing  significant  (R
2  >.15) 
correlations  of  functional  trait  groups  and  panel  (b)  is  showing  significant  (R
2>.10) 
correlations of species. Vector codes are: long basal= long basal growth form; herb= herb 
growth  category;  invasive=  invasive  trait,  annual=  annual  trait;  loliumSP=  Lolium  sp.; 
centglab= Centrolepis glabra, romurose= Romulea rosea.  
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Table 3: MRPP results between soil seed bank functional trait composition and fragment 
characteristics of urban Banksia woodland fragments, Perth Western Australia. 
 
A= chance-corrected within 
group agreement statistic 
Fragment 
Characteristic 
   
Scale Used 
  Functional Trait 
abundance 
P-Value   
Time Since 
Isolation (years) 
0.03  <0.001  10-20yrs=1; 20-30yrs= 2; 30-40yrs=3; 40-
50yrs=4; 50-60yrs=5; 60-70yrs=6 
Time Since Shape 
(years) 
0.05  <0.001   10-20yrs=1; 20-30yrs= 2; 30-40yrs=3; 
>40yrs=4 
Area (ha)  0.06  <0.001  0-1ha=1; 1-5ha=2; 5-10ha=3, 10-30ha=4; 
>30ha=5 
Geology  0.01  0.363  1= Spearwood; 2= Bassendean 
Connectivity (m)  0.02  0.012  linear distance to nearest fragment 
<50m=1; 50-150m=2, 150-300m=3; 
>300m=4 
Elevation (m)  0.02  0.017  <20m=1; 320-30m=2; 30-40m=3; >40m=4 
Digging  0.02  <0.001  score of 0, 1, 2 depending on intensity of 
animal digging (native and invasive) 
within plot 
Footpaths  0.02  0.357  0, 1 or 2 depending on number of footpaths 
within 10m of plot 
Weed cover (%)  0.02  0.014  Braun-blanquet cover-abundance 
score1=1-5%, 2=6-25, 3=26-50, 4=51-75, 
5=76-100%) 
Disturbance  0.03  <0.001  score ranging from 1 to 7 depending on 
level of human disturbance within 
fragment 
Rubbish  0.00  0.635  score of 0, 1, 2 depending on intensity 
rubbish within plot 
UtmE  0.01  0.041   Eastings 
UtmN  0.07  <0.001   Northings 
 
 
LINEAR REGRESSION FOR SOIL SEED BANK 
To investigate further, the Pearson correlation coefficients between soil seed bank 
species richness and abundance and fragment characteristics were estimated. Seed 
bank species abundance and species richness did not show a significant correlation 
with any of the fragment characteristics of the woodland fragments studied except 
weed  cover  class  where  both  richness  and  abundance  showed  a  moderately 
significant correlation (Table 4).  24 | P a g e  
 
Table  4:  Linear  Regression  between  fragment  characteristics  and  species  abundance 
(germinants per m
2) and richness of the soil seed bank of urban Banksia woodland fragments 
Perth, Western Australia. n = 122 
      Coefficients  Standard 
Error  t Stat  P-value    R
2 
Abundance  Log(connectivity)  -754.79  611.45  -1.2  0.192  0.04 
   Log(area)  809.76  620.02  1.3  0.194  0.05 
   Time Since 
Isolation  -11.96  64.7  -0.2  0.756  0.01 
   Weed class  480.59  173.12  2.8  <0.001  0.05 
   Disturbance class  475.28  423.38  1.1  0.250  0.03 
   Footpaths  515.9  1178.55  0.4  0.717  0.01 
   UtmE  -202.83  822.21  -0.2  0.812  0.02 
   UtmN  -490.37  670.09  -0.7  0.341  0.02 
   Geology  1502.87  1620  0.9  0.410  0.03 
Richness  Log (connectivity)  0.1  0.45  0.2  0.698  0.01 
   Log (area)  0.19  0.46  0.4  0.712  0.01 
  
Time Since 
Isolation  -0.03  0.05  -0.7  0.911  0.01 
   Weed class  0.74  0.34  2.1  0.040  0.03 
   Disturbance class  0.23  0.31  0.8  0.752  0.02 
   Footpaths  0.11  0.85  0.1  0.811  0.01 
   UtmE  0.24  0.59  0.4  0.685  0.01 
   UtmN  -0.45  0.48  -0.9  0.157  0.03 
   Geology  -0.22  1.18  -0.2  0.841  0.01 
 
To examine species level patterns, the Pearson correlation coefficients of the top five 
most abundant species identified within the soil seed bank were estimated (Table 5).  
The top five species included Isolepis marginata (native annual herb), Wahlenbergia 
sp. (native annual herb), Hypochaeris glabra (invasive annual herb), Romulea rosea 
(invasive perennial herb) and Crassula colorata (native annual succulent).  Isolepis 
marginata showed a significant positive correlation with fragment size (log area) and 
disturbance  level  while  Wahlenbergia  sp.  showed  a  positive  correlation  with 
fragment  geology  with  a  positive  relationship  with  Spearwood  sands  and  a 
significant correlation with north/south position of woodland fragments (Table 5).  
The leafy weed, Hypochaeris glabra showed a significant positive correlation with 
disturbance  level  and  the  grassy  weed  Romulea  rosea  had  a  significant  positive 
correlation with fragment size (log area), weed cover and disturbance level of the 25 | P a g e  
 
fragments studied (Table 5). Crassula colorata did not show a significant correlation 
with any of the fragment characteristics.  
 
Table  5:  Significant  correlations  between  fragment  characteristics  and  the  top five  most 
abundant  (germinants  per  m
2)  species  in  soil  seed  bank  of  urban  Banksia  woodland 
fragments Perth, Western Australia. Crassula colorata not included. n = 122 
 
      Coefficients  Standard 
Error  t Stat  P-value  R
2 
Isolepis marginata  Log (area)  112.79  38.76  2.9  0.004  0.05 
   Disturbance Level  93.83  28.74  3.3  0.001  0.06 
Wahlenbergia sp.   Geology  -74.05  36.36  -2  0.043  0.03 
   utmN  -37.81  14.27  -2.7  0.009  0.04 
Hypochaeris glabra   Disturbance Level  27.7  9.61  2.9  0.004  0.05 
Romulea rosea   Weed cover  98.28  26.68  3.7  0.000  0.08 
   Disturbance Level  73.25  17.89  4.1  0.000  0.1 
   Log (area)  67.84  24.61  2.8  0.007  0.05 
   utmE  -86.69  29.68  -2.9  0.004  0.05 
 
LINEAR REGRESSION FOR FUNCTIONAL TRAITS 
To investigate further, relationships between fragment characteristics and functional 
trait abundance were investigated using simple linear regression. The abundance of 
native species showed a positive relationship with fragment size (log area) and weed 
cover  class  (Table  6).  The  abundance  of  invasive  species,  especially  invasive 
perennial grasses, showed a positive relationship with weed cover class (Table 6) 
showing that weed cover does not always indicate high invasive abundance and low 
native abundance in the soil seed bank. None of the native species functional traits 
(annual  grasses,  annual  herbs,  perennial  herbs,  perennial  grasses  or  woody)  was 
strongly correlated with a fragment characteristic except native annual herbs, which 
had a positive relationship with weed cover class (Table 6).  Both the abundance of 
invasive  annual  grasses  and  annual  herbs  positively  correlated  with  the  size  of 
fragments  and  disturbance  level  within  fragments  (Table  6).  The  abundance  of 
invasive  annual  herbs  also  showed  a  positive  relationship  with  the  age  of  the 
fragment  and  number  of  footpaths  within  a  fragment  (Table  6). 26 | P a g e  
 
 
 
Table 6: Relationships between fragment characteristics and functional trait abundance (germinants per m
2) of species within the soil seed bank of 
urban Banksia woodland fragments Perth, Western Australia. Significant correlations highlighted in bold. n = 122 
Functional Trait     Coeffi-
cients 
Standard 
Error  t Stat  P-
value  R
2  Functional Trait     Coeffi- 
cients 
Standard 
Error  t Stat  P-
value  R
2 
Native total  Log(connectivity)  -64.62  133.95  -0.5  0.633  0.01  Native Perennial Grasses  Log (connectivity)  -0.18  13.50  0.0  0.989  0.01 
   Log(area)  270.02  128.55  2.1  0.043  0.15     Log (area)  -21.93  13.20 
-
1.662  0.106  0.07 
   Time Since Isolation  8.91  13.84  0.6  0.524  0.01     Time Since Isolation  -1.93  1.36 
-
1.422  0.164  0.05 
   Weed class  370.26  170.69  2.0  0.037  0.02     Weed class  -18.04  12.42 
-
1.452  0.279  0.01 
   Disturbance class  166.28  88.23  1.9  0.068  0.09     Disturbance class  -6.56  9.25 
-
0.709  0.483  0.01 
   Footpaths  19.37  254.14  0.1  0.940  0.01     Footpaths  27.28  25.10  1.087  0.285  0.03 
   UtmE  -20.16  176.94  -0.1  0.910  0.01     UtmE  30.90  16.97  1.821  0.077  0.08 
   UtmN  -63.24  144.83  -0.4  0.665  0.01     UtmN  -14.50  14.38 
-
1.009  0.320  0.03 
   Geology  1502.87  1620.00  0.9  0.360  0.03     Geology  -59.66  33.93 
-
1.758  0.088  0.08 
Invasive total  Log (connectivity)  45.88  126.49  0.4  0.719  0.01  Native Perennial Herbs  Log (connectivity)  -52.67  40.98 
-
1.285  0.207  0.05 
   Log (area)  75.21  128.19  0.6  0.561  0.01     Log (area)  -9.73  42.63 
-
0.228  0.821  0.01 
   Time Since Isolation  6.22  13.08  0.5  0.638  0.01     Time Since Isolation  -3.26  4.31 
-
0.755  0.455  0.01 
   Weed class  446.45  186.97  2.4  0.018  0.03     Weed class  32.48  30.16  1.077  0.283  0.01 
   Disturbance class  127.57  84.65  1.5  0.141  0.06     Disturbance class  -6.36  28.93 
-
0.220  0.827  0.01 
   Footpaths  286.26  234.57  1.2  0.231  0.04     Footpaths  -23.30  79.25 
-
0.294  0.771  0.01 
   UtmE  -67.47  166.47  -0.4  0.688  0.01     UtmE  95.94  52.75  1.819  0.078  0.09 
   UtmN  -30.02  136.85  -0.2  0.828  0.01     UtmN  -0.83  45.34 
-
0.018  0.985  0.01 
   Geology  -187.54  331.07  -0.6  0.575  0.01     Geology  87.09  109.12  0.798  0.430  0.02 
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Functional Trait     Coeff-
icients 
Standard 
Error  t Stat  P-
value  R
2  Functional Trait     Coeffi-
cients 
Standard 
Error  t Stat  P-value  R
2 
Woody Native 
(Shrubs/Trees)  Log (connectivity)  -48.73  88.95  -0.5  0.587  0.01  Invasive Annual Grasses  Log (connectivity)  8.88  41.50  0.214  0.832  0.01 
   Log (area)  151.15  87.05  1.7  0.092  0.08     Log (area)  101.41  38.47  2.636  0.013  0.17 
   Time Since Isolation  8.09  9.15  0.9  0.383  0.02    
Time Since 
Isolation  5.22  4.21  1.241  0.223  0.04 
   Weed class  6.90  5.70  1.2  0.228  0.01     Weed class  65.69  33.21  1.978  0.050  0.02 
   Disturbance class  100.47  59.18  1.7  0.099  0.08     Disturbance class  65.74  26.34  2.496  0.018  0.15 
   Footpaths  109.79  167.89  0.7  0.518  0.01     Footpaths  54.99  77.96  0.705  0.485  0.01 
   UtmE  25.08  117.56  0.2  0.832  0.01     UtmE 
-
104.10  51.69 
-
2.014  0.052  0.1 
   UtmN  44.23  96.24  0.5  0.649  0.01     UtmN  -2.71  44.87 
-
0.060  0.952  0.01 
   Geology  129.57  233.43  0.6  0.523  0.01     Geology  97.10  107.72  0.901  0.374  0.02 
Native Annual 
Herbs  Log (connectivity)  3.59  121.86  0.0  0.977  0.01 
Invasive Perennial 
Grasses  Log (connectivity)  3.14  38.08  0.082  0.935  0.01 
   Log (area)  92.99  122.85  0.8  0.454  0.02     Log (area)  46.91  37.87  1.239  0.224  0.04 
   Time Since Isolation  -8.30  12.54  -0.7  0.512  0.01    
Time Since 
Isolation  2.37  3.92  0.604  0.550  0.01 
   Weed class  142.13  63.98  2.2  0.028  0.03     Weed class  98.28  26.68  3.684  0.0003  0.08 
   Disturbance class  179.55  78.22  2.3  0.028  0.13     Disturbance class  -84.53  48.00 
-
1.761  0.024  0.08 
   Footpaths  -45.85  230.30  -0.2  0.843  0.01     Footpaths  75.76  70.83  1.070  0.292  0.03 
   UtmE  79.68  159.87  0.5  0.621  0.01     UtmE  -84.53  48.00 
-
1.761  0.087  0.08 
   UtmN  -94.24  130.68  -0.7  0.476  0.01     UtmN  -26.92  40.89 
-
0.658  0.515  0.01 
   Geology  179.92  318.34  0.6  0.935  0.01     Geology  -27.97  99.83 
-
0.280  0.781  0.01 
Native Annual 
Grasses  Log (connectivity)  19.27  94.22  0.2  0.839  0.01  Invasive Annual Herbs  Log (connectivity)  79.24  72.36  1.095  0.281  0.03 
   Log (area)  120.00  93.61  1.3  0.209  0.05     Log (area)  -20.28  74.77 
-
0.271  0.788  0.01 
   Time Since Isolation  -3.25  9.75  -0.3  0.741  0.01    
Time Since 
Isolation  17.42  7.02  2.483  0.018  0.15 
   Weed class  66.78  61.48  1.1  0.279  0.01     Weed class  90.33  52.00  1.737  0.084  0.02 
   Disturbance class  115.37  61.95  1.9  0.071  0.09     Disturbance class  95.09  48.10  1.977  0.056  0.1 
   Footpaths  -8.31  178.27  0.0  0.963  0.01     Footpaths  384.44  122.62  3.135  0.004  0.22 
   UtmE  0.06  124.13  0.0  0.839  0.01     UtmE 
-
173.83  92.24 
-
1.884  0.068  0.09 
   UtmN  -44.42  101.59  -0.4  1.000  0.01     UtmN  109.49  77.31  1.416  0.166  0.05 
   Geology  124.11  246.52  0.5  0.618  0.01     Geology  6.46  193.23  0.0  0.974  0.01 28 | P a g e  
 
4. DISCUSSION 
COMPOSITION OF THE SOIL SEED BANK  
The present study investigated the soil seed bank of Banksia woodland in the top 
5cm of soil. The average soil seed bank density identified (~2700 seeds per m
2) is 
moderate  compared  to  other  soil  seed  bank  studies  within  Banksia  woodland. A 
similar study in Bold Park, Perth Western Australia, identified 8418 seeds per m
2 
(Fisher et al. 2009). Fisher et al. (2009) looked at the soil seed bank within leaf litter 
and the underlying topsoil, sampling the top 0-5cm and 5-10cm. They found that leaf 
litter and the 5-10cm layer of soil together accounted for 37% of the soil seed bank. 
The  top  0-5  cm  of  soil  accounted  for  the  remaining  seeds  recorded  (63%).  The 
present study looked at the first 5 cm of soil and did not undertake the same level of 
intensive  sampling  as  Fisher  et  al.  (2009)  which  may  account  for  the  large 
differences between the soil seed bank densities found.  The present study recorded a 
soil seed bank density higher than was found within other Mediterranean vegetation 
types. Enright et al. (2007) found 233-1435 seeds per m
2 in kwongan shrubland in 
southwest Australia, Meney et al. (1994) found 919-1545 seeds per m
2 in kwongan 
shrubland and Vlahos and Bell (1986) found 1597 seeds per m
2 in dry scerophyll 
forest  (Jarrah).   The  differences  in  density  between  the  present  study  and  others 
studies is likely due to differences in site and community characteristics.   
 
Up to 75.6% of the soil seed bank density and 59.8% of species richness recorded in 
this study consisted of annual herbs and grasses. Perennial herbs and shrubs were the 
second  most  abundant  followed  by  a  very  small  percentage  of  tree  species.  Our 
results  indicate  that  canopy  and  most  mid-story  species  occurring  in  Banksia 
woodland have very low presence or are potentially absent from the soil seed bank.  29 | P a g e  
 
The dominance of the soil seed bank by annual species and the absence of woody 
species  in  the  soil  seed  bank,  compared  to  the  standing  vegetation,  have  been 
reported in other Mediterranean soil seed bank studies (Vlahos and Bell 1986, Saffer 
et  al.  2002,  Cochrane  et  al.  2007,  Enright  et  al.  2007,  Fisher  et  al.  2009). 
Hopfensperger (2007), in a review of 34 forest soil seed bank studies, found that 
similarity between soil seed bank and extant vegetation was below 60%. This finding 
supports that the majority of dominant perennial tree species within Australian and 
South  African  Mediterranean  woodland  communities  store  their  seeds  within  the 
canopy (Bell et al. 1993) and only release seeds in response to fire (Bell et al. 1993, 
Dixon  et  al.  1995).  Additionally,  annual  species  have  a  short  lifespan  and  are 
generally  able  to  replace  their  store  of  seeds  within  the  soil  relatively  quickly 
compared to perennial species. 
 
FRAGMENTATION AND THE SOIL SEED BANK 
Ordination  results  showed  that  the  soil  seed  bank  composition  of  vegetation 
fragments were linked  with fragment age and  the east/west position of the study 
sites. This correlation could be explained by the geology of the Perth region where 
the younger, calcareous derived Spearwood sands occur to the west and the older, 
leached Bassendean sands occur to the east (Figure 1), potentially influencing the 
species composition of the study sites. A similar pattern was found with time since 
isolation  or  fragment  age,  with  older  fragments  occurring  in  the  west and  newer 
fragments occurring in the east. This is due to Perth’s spread of urbanisation from the 
west to the southeast overtime. The correlation of time since isolation with geology 
of the study sites is thought to account for the difference in species composition. 
Further  analysis  (MRPP  and  linear  regression)  of  fragment  age,  geology  and 
east/west position of sites did not find a connection with soil seed bank abundance or 30 | P a g e  
 
richness. However, analysis at the functional trait level found a higher abundance of 
invasive annual herbs within older fragments occurring in the western suburbs of 
Perth. This finding could be due to older fragments being exposed to weed invasion 
from edge effects and direct human disturbance (e.g. trampling, rubbish dumping) 
for a longer extent than younger fragments.  
 
The present study found that smaller fragments had lower native species abundance 
in the soil seed bank than larger ones. However, no significant relationship between 
fragment  size  and  native  species  richness  within  the  soil  seed  bank  was  found. 
Although the relationship between size and abundance was weak, our results seem to 
support  landscape  ecological  theory  (MacArthur  &  Wilson  1967)  and  previous 
studies, which have reported that area is important for plant species abundance and 
diversity (e.g. Harrison 1999). The availability of space, reduction in different habitat 
types  and  the  pronounced  impact  of  edge  effects  in  smaller  fragments  is  said  to 
account for the reduction in native species abundance and diversity with fragment 
size  (Honnay  et  al.  1999).  Other  studies  that  have  investigated  functional  traits 
responses  to  fragment  size  have  found  that  species  that  have  persistent  soil  seed 
banks  are  more  likely  to  survive  in  small  habitat  patches  and  are  less  prone  to 
extinction (Lindborg 2007). The relatively short time since isolation (no more than 
60 years) might explain the lack of decline in species diversity with fragment size in 
Perth’s Banksia woodland fragments.   
 
A key finding of this study was a lack of evidence for species or functional trait 
groups being vulnerable to decline in the soil seed bank due to isolation, or age of a 
fragment. This finding indicates Perth’s urban fragments do not show evidence of an 
extinction debt. This could be explained by Perth being a relatively young city which 31 | P a g e  
 
still had large vegetated areas up to the mid-20
th century (Environmental Protection 
Authority,  2007).  Hahs  et  al.  (2009)  reported  similar  findings  in  their  review  of 
vegetation fragments within a range of cities that varied according to age. Hahs et al. 
(2009) found that young cities had high quality vegetation within urban fragments 
and had experienced little species loss while older cities were found to have much 
higher extinction rates. Hahs et al. (2009) split cities into three types corresponding 
to age and included Type 1 cities that have had isolated fragments for over 300 years 
(western Europe), Type II cities that have had isolated fragments between 300 and 
100 years (some American cities) and Type III cities that have had fragments isolated 
less than 100 years. Perth is classed as a Type III city as the fragments in the present 
study have been isolated between 20 and 60 years. Hahs et al. (2009) found that 
Type  III  cities  like  Perth  (e.g.  Los  Angeles,  San  Francisco  and  Melbourne)  had 
experienced little species loss compared to Type I and II cities. Therefore, it is likely 
that  the  study  sites  in  the  present  study  are  too  young  and  could  not  reveal  the 
existence  of  an  extinction  debt  process.  Further  investigations  including  older 
fragments, baseline historical data on species richness and a larger sample size are 
necessary  to  investigate  the  occurrence  of  extinction  debt  within  Perth’s  urban 
fragments. 
 
The current study identified a number of infrequent native species (~40) within the 
soil  seed  bank  that  occurred  at  low  abundances,  which  may  make  these  species 
vulnerable to fragmentation affects. Low abundance within a habitat has been found 
to contribute to the sensitivity of a species to fragmentation (Henle  et al. 2004). 
Therefore,  it  is  likely  that  these  rare  species  will  disappear  within  Perth’s  urban 
woodland fragments in the future. Conducting further soil seed bank studies in the 32 | P a g e  
 
future,  to  investigate  the  effect  of  time  since  isolation  on  these  rare  species,  is 
required to confirm this hypothesis.  
 
URBAN DISTURBANCES AND THE SOIL SEED BANK 
Plant  communities  occurring  within  urban  fragments  are  at  greater  risk  of  weed 
invasion than undisturbed communities due to edge effects and human disturbances 
(Stenhouse  2004,  Clements  1983).  The  present  study  found  invasive  annual  and 
perennial herbs and grasses made up a large proportion of germinants (34.2%) and 
species  diversity  (34.0%)  across  the  study  sites.  It  was  also  found  that  a  higher 
number  of  footpaths  within  a  fragment  corresponded  with  higher  abundance  of 
annual invasive herbs within the soil seed bank. This result indicates that human foot 
traffic may increase the occurrence of weeds within the soil seed bank, for instance, 
through  increased  seed  dispersal  or  trampling  of  vegetation  creating  more  open 
ground. Urban fragments have been found to suffer from high recreational pressures 
such as trampling and disturbance of the soil and understory vegetation (Honnay et 
al. 1999, Stenhouse 2004) and this can introduce and promote weed invasion (Hobbs 
and  Huenneke,  1992).  Controlling  foot  traffic  within  urban  fragments  should  be 
considered  when  managing  the  introduction  and  spread  of  weeds  within  urban 
vegetation fragments. 
 
A diverse group of invasive species was recorded within the soil seed bank with 57 
different ones identified. High weed diversity within the soil seed bank is likely to 
complicate the management of invasive species within urban areas, as one control 
method for one species may not work for another (Fisher et al. 2009). Therefore, it is 
imperative to examine the composition of soil seed bank weed loads within urban 
fragments to ensure effective weed management. 33 | P a g e  
 
 
During  the  present  study,  invasive  species  germinated  faster  compared  to  native 
species. This was also found by Fisher et al. (2009) who recorded that 30% of the 
invasive soil seed bank had germinated, compared to only 4% of the native soil seed 
bank,  within  the  first  week  (Fisher  et  al.  2009).  Invasive  species  that  germinate 
quickly have the ability to dominate a community, competing for space and resources 
with  native  species  (Fisher  et  al.  2009).  This  can  lead  to  suppression  of  native 
species recruitment in a community, altering community composition and structure. 
This time delay in native species germination after a disturbance may provide an 
opportunity  to  control  and  kill  off  invasive  seedlings  prior  to  the  germination  of 
native species, preventing native species suppression. 
 
Fragments  with  a  higher  weed  cover  in  the  standing  vegetation,  also  had  higher 
invasive species (annual grasses and herbs) abundance within the soil seed bank. 
Some of the most abundant weed species (Romulea rosea and Hypochaeris glabra) 
also occurred in higher abundance in the soil seed bank of weed infested fragments. 
This  result  is  similar  to  findings  of  other  studies,  which  have  found  high  weed 
species abundance in soil seed banks of invaded plant communities (Holmes and 
Cowling 1997, Holmes 2002). Controlling weed invasion within recently isolated 
fragments may help prevent accumulation of invasive species within the soil seed 
bank overtime.   
 
It  was  also  found  that  a  high  weed  cover  within  a  fragment  did  not  necessarily 
indicate a depletion of native species in the soil seed bank and other studies have 
reported that low weed cover within the standing vegetation does not necessarily 
indicate low abundance of weeds in the soil seed bank (King and Buckney 2001, 34 | P a g e  
 
Cochrane et al. 2007, Fisher et al. 2009). These findings suggest caution in using 
weed cover to classify sites as suitable/unsuitable for topsoil transfer in restoration 
activities. 
 
The soil seed bank of the study sites contained a diverse range of native species with 
native annual herbs, perennial herbs and shrubs being the most dominant. Therefore, 
topsoil from these areas may be useful in restoration of degraded sites especially with 
reinstating understory composition. Restoration of cleared and degraded land often 
utilizes  the  soil  seed  bank  of  remnant  vegetation  by  using  topsoil  from  recently 
cleared urban vegetation. The rehabilitation of mined lands also relies heavily on the 
use  of  soil  stored  seeds  (Vlahos  and  Bell  1986,  Koch  et  al.  1996).  However, 
successful restoration of degraded areas could not occur based on topsoil alone given 
limited density of canopy species within the soil seed bank. In addition, this study 
found a diverse group of invasive species, indicating that using topsoil could result in 
a  community  different  from  what  previously  occurred.  Investigation  into  the 
composition of the soil seed bank should occur prior to using topsoil in restoration to 
allow  for  additional  planting/seeding  of  canopy  species  to  take  place  and  weed 
management strategies to be established.  
5. CONCLUSION 
This  study  had  three  research  questions:  what  is  the  species  composition  and 
diversity of the soil seed banks of Perth’s Banksia woodland fragments; is soil seed 
bank composition related to fragment characteristics and if so, what types of native 
species and functional types are most adversely affected? This study has revealed 
that the soil seed bank of Perth’s Banksia woodland fragments comprises of a diverse 35 | P a g e  
 
range  of  both  native  and  invasive  species  and  that  annual  non-woody  species 
dominate.  
 
Another key finding of this study was that soil seed bank composition, especially 
weed  abundance  and  diversity,  is  related  to  some  fragment  characteristics. These 
characteristics include fragment age and the number of footpaths within a fragment. 
These results highlight the importance of managing the introduction and spread of 
weeds in minimizing the level of invasive species within the soil seed bank.  
 
This study also found that there is little evidence of native species or functional trait 
groups  being  vulnerable  to  decline  in  the  soil  seed  bank  due  to  fragment 
characteristics such as isolation or low connectivity between fragments. Therefore, 
the  extinction  debt  process  could  not  be  revealed  with  the  Banksia  woodland 
fragments  used  in  this  study,  most  likely  due  to  Perth  woodland’s  recent 
fragmentation (early 1970’s). However, a positive relationship between fragment size 
and native species abundance in the soil seed bank was found indicating that size of 
fragments is an important factor in conserving native urban flora diversity.  
 
Future research is required to compare more closely, the composition of the standing 
vegetation  and  the  soil  seed  bank  of  urban  fragments.  This  type  of  study  will 
contribute  to  gaining  a  better  understanding  of  the  impacts  of  fragmentation  and 
urban disturbances on urban vegetation as a whole. It will also establish if soil seed 
banks  hold  a  reservoir  of  plant  species  that  have  been  lost  from  the  standing 
vegetation and if they can be used in maintaining local provenances of declining 
plant species. In addition, the study sites could also be re-sampled in future years to 
study the effects of time more closely.   36 | P a g e  
 
 
Urbanisation  and  resulting  fragmentation  of  Perth’s  Banksia  woodlands  have  not 
caused a decline of native species diversity within the soil seed bank. However, as 
identified by Hahs et al. (2009), extinction debt can become more pronounced as 
time passes. The finding of a decline in native species abundance in the soil seed 
bank of smaller fragments may be the beginning of the extinction debt process within 
Perth’s urban fragments. As found in this study, weed invasion is a key disturbance 
within urban fragments and may threaten the long-term biodiversity of these plant 
communities. Therefore, ongoing and adaptive conservation management of the soil 
seed bank is required to protect the future biodiversity of urban vegetation fragments.  
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